As model specimens of surface film-bonded materials with or without resin interlayer, pure copper or commercial grade iron films were bonded to the surface of steel base plates by epoxy resin bonding or by diffusion bonding. The film thickness was 100 and 50 µm for the copper and 100 µm for the iron, respectively. In the fatigue testing results using these specimens, very few slips were observed around the crack initiated relatively early during fatigue on the film bonded with epoxy resin, while many slips were observed during fatigue on the film bonded by diffusion. As for the fatigue life, the epoxy bonding layer restrains the fatigue crack propagation from the surface film to the inner base plate, thus increasing the fatigue crack propagation life of the film-bonded plates with epoxy resin. In this connection, both the compressive residual stress on the iron film and the smaller tensile residual stress on the thinner copper film increased the fatigue crack propagation life significantly as compared with the larger tensile residual stress on the thicker copper film. Finally, the effect of the epoxy bonding layer on the fatigue crack propagation rate of the surface film was discussed in terms of the measured crack opening displacement range at 250 µm from behind the crack tip, ∆φ 250 .
Fatigue Crack Propagation in Surface Film-Bonded Materials
Using Pure Copper and Commercial Grade Iron Films
Introduction
Surface film-bonded materials with resin interlayer, such as metal-cored printed circuit boards, are often used for various electronic equipment requiring high heat dissipation property and thermal durability (1) . In these materials, mechanical properties of the resin are significantly different from those of the metal film and base plate, and residual stress will occur due to the volume shrinkage deformation of the resin interlayer during the bonding process (2) , (3) . It is well known that fatigue damage is caused in electronic parts subjected to thermal cyclic loads and mechanical vibrations during operation (4) - (7) . It is necessary, therefore, to examine the effects of the resin interlayer and the residual stress on the fatigue fracture prop-erties in these materials in order to improve the reliability of the electronic equipment.
In this study, using pure copper films with the thickness of 100 and 50 µm and commercial grade iron films with the thickness of 100 µm, the films were bonded to the surface of steel base plates by epoxy resin bonding or by diffusion bonding. Using these model specimens, the fatigue crack propagation behavior of the film-bonded plates is examined mainly through the observation for both the surface film and inner base plate of the specimen during fatigue, noting the residual stress on the surface film which depends on both the film material and the film thickness. In addition, effects of the epoxy bonding layer on the fatigue crack propagation rate of the surface film are discussed quantitatively based on the crack opening displacement range measured behind the crack tip.
Experimental Procedure

1 Specimen
Chemical compositions of the steel base plate with 0.45% carbon (S45C) and both the pure copper and the commercial grade iron films are shown in Table 1 . Ma- Table 1 Chemical composition   Table 2 Material properties Fig. 1 Dimension of epoxy-bonded specimen terial properties of the base plate, films and the epoxy resin employed as an adhesive are shown in Table 2 . The base plate was annealed at 1 173 K for one hour, and machined to the dimension shown in Fig. 1 , and subsequently annealed at 873 K for one hour to eliminate the residual stress due to machining. The copper films with the thickness, t f , of 100 µm and 50 µm were shaped to a rectangle of 30 × 40 mm 2 , and annealed at 873 K for one hour, while the iron film with the thickness of t f = 100 µm was annealed at 1 123 K for one hour. These films were bonded to both sides of the base plate with the epoxy resin at 373 K for 40 minutes. The thickness of the epoxy bonding layer, t s , measured in all the specimens was in the range of 18 to 42 µm. Finally, a through hole with a 0.5 mm diameter was drilled at the center of the specimen as a notch so that the fatigue crack would be initiated from the notch root. This specimen is referred to as the epoxy-bonded plate.
Using the same base plate and films as those employed for the epoxy-bonded plate, the diffusion-bonded plate was prepared, where the films were bonded directly to the base plate by diffusion. The diffusion bonding was carried out at 1 073 K for one hour for the copper film, and at 1 173 K for one hour for the iron film, respectively. After that, a through hole was drilled at the center of the specimen as was done to the epoxy-bonded plate. 
2 Fatigue testing
Using a servo-hydraulic fatigue testing machine, the base plate of each film-bonded specimen was subjected to a push-pull cyclic loading under a constant stress amplitude of sine wave, σ a = 140 MPa, with a frequency of 20 Hz and a stress ratio of R = −1. The stress amplitude of each constitutive material in the epoxy-bonded plate was calculated using the law of mixture with Young's moduli shown in Table 2 , where the bonding layer thickness was supposed to be 20 µm. In the calculated stresses shown in Table 3 , there is no significant difference in the stress amplitude between the thickness of 100 and 50 µm in the copper film, which are smaller than the value in the iron films. Moreover, these calculated stresses of the resin-bonded films were almost the same as those of the diffusionbonded films which were omitted here. The length of fatigue crack on the film was measured by using a photomicroscope attached to the fatigue testing machine.
2. 3 Measurement of crack opening displacement distribution A pair of micro-Vickers indentations was marked across the fatigue crack at intervals of 0.1 mm along a fatigue crack on the surface film under a load of 0.098 N for a period of 5 seconds. The gage length between the indentations was 60 µm for the iron film, and 160 µm for the copper film, respectively. Inputting the image around the fatigue crack taken into a personal computer, the crack opening displacement (COD) was determined as a difference of the gage length measured in the loading and unloading conditions.
4 Measurement of residual stress
The initial residual stress on the film was measured by using an X-ray line stress measurement apparatus, with the Cr-Kα X-ray for the iron film and Co-Kα for the copper film, the radiation area of 2.0 × 2.0 mm 2 for the iron and 4.0 × 4.0 mm 2 for the copper films, and the X-ray stress constant of K = −318.2 MPa/deg for the iron and −112.0 MPa/deg for the copper films, respectively. For both the films, the incident angle was oscillated in a range of ±2.5
• , and the position of diffraction peak was determined by the half-value method.
Experimental Results
1 Residual stress on the film
As shown in Table 4 , the initial residual stress of the diffusion-bonded film is almost zero on the iron film, but becomes tension on the copper film with the larger coefficient of linear thermal expansion than the steel base plate. This means that the residual stress is induced by the difference in the thermal shrinkage deformation between the film and the base plate during the cooling process after diffusion bonding. Similarly, on the epoxy-bonded copper film, the residual stress is tension due to the larger thermal shrinkage deformation after heat-curing of the film than that of the base plate, where the residual stress is smaller on the film of t f = 50 µm than t f = 100 µm. However, a compressive residual stress occurs on the iron film bonded with epoxy resin. This is attributable to the volume shrinkage of the epoxy resin in the curing process (2) , (3) . 3. 2 Fatigue crack propagation life on the surface film Fatigue crack propagation lives, N p , defined as the number of cycles from the half-length of crack a = 0.3 mm to a = 4.0 mm obtained from all the data of the fatigue testing are summarized in Fig. 2 . This figure shows that the value of N p is larger on the epoxy-bonded film than on the diffusion-bonded film and the base plate. In addition, the crack propagation life increases significantly on the iron film with the compressive residual stress, and also on the copper film of the t f = 50 µm with the lower tensile residual stress. On the other hand, the crack propagation life is not so large on the copper film of the t f = 100 µm with the larger tensile residual stress. From this, it is found that the fatigue crack propagation life on the epoxy-bonded film is connected with the residual stress on the surface film. Table 4 Residual stress measured on the surface film 
3 Fatigue crack propagation curve for copper
and iron film-bonded plates A difference in the fatigue crack propagation curve between the copper and the iron film-bonded plates with the same film thickness of 100 µm is shown in Fig. 3 , using a half-length of crack on the film, a, plotted against the stress cycles, N. For the epoxy-bonded copper films shown in Fig. 3 (a) , the fatigue crack is initiated and propagates rapidly at the initial stage, but subsequently propagates slowly, and finally propagates rapidly again during fatigue, although the fatigue crack propagates very smoothly on the diffusion-bonded copper film as well as on the base plate. From this, it is understood that the increase of the fatigue crack propagation life on the epoxybonded film shown in Fig. 2 is attributable to the middle fatigue stage with the slow crack propagation between the initial and final stage. This feature can be also seen for the epoxy-bonded iron film shown in Fig. 3 (b) , which shows the larger cycles corresponding to the middle fatigue stage than that for the epoxy-bonded copper film shown in Fig. 3 (a) . On the other hand, there was a tendency for the fatigue crack to be initiated faster on the epoxy-bonded film than on the diffusion-bonded film and the base plate in Fig. 3 (a) and (b).
4 Fatigue crack observation for copper and iron film-bonded plates
The fatigue cracks observed on the surface film of t f = 100 µm are shown in Fig. 4 . There are many slips around the fatigue crack on the diffusion-bonded copper film shown in Fig. 4 (a) , but few slips on the epoxy-bonded copper film shown in Fig. 4 (b) at the relatively small crack length corresponding to the middle fatigue stage in Fig. 3 (a) . Moreover, there are few slips until larger crack lengths are detected on the epoxy-bonded iron film shown in Fig. 4 (c) than on the copper film in Fig. 4 (b) , in accordance with the slow crack propagation in the middle fatigue stage.
In connection with these results, the notch root of the specimens was observed toward the thickness direction using a low-vacuum scanning electron microscope (SEM) with a pressure of 1 Pa in the chamber. In this chamber, the specimen was fixed on the table and rotated 45 degrees around the longitudinal axis of the specimen so that the inside of the notch could be observed. As an example of the crack observation at the initial fatigue stage, the fatigue crack in the copper film-bonded plates with a crack length a = 1.0 mm on the film are shown in Fig. 5 . In Fig. 5 (a) , it can be seen that the fatigue crack observed on the surface film runs throughout the thickness of the diffusion-bonded plate. Contrastly, the fatigue crack is initiated and propagates only on the surface film, but is not initiated in either the epoxy bonding layer or the inner base plate for the epoxy-bonded plate in Fig. 5 (b) . From this, it is found that the epoxy bonding layer restrains the fatigue crack propagation from the surface film to the inner base plate, while the fatigue crack propagates easily to the base plate in the diffusion-bonded specimen without epoxy bonding layer. After further fatigue testing, the crack front profile was observed on the fracture surface using color-tempering techniques. The schematic figures are shown for the epoxybonded plates with the crack length was about 2 mm on the film in Fig. 6 . For the copper film-bonded plate in Fig. 6 (a) , the fatigue crack propagates in the inner base plate with the discontinuous crack front between the film and the base plate. In contrast, the fatigue crack does not propagate in the base plate of the iron film-bonded plate in Fig. 6 (b) . This difference between the copper and the iron film is mainly due to the fact that the compressive residual stress on the iron film intensifies the effect of the epoxy bonding layer to restrain the fatigue crack propagation from the film to the base plate, thereby greatly increasing the fatigue crack propagation life shown in Fig. 2 .
On the other hand, in Fig. 7 (a) and (b) of the copper and iron films diffusion-bonded to the base plates, there is no significant difference in the crack length between the base plate and the films. From a comparison between the results observed on the epoxy-bonded and the diffusion-bonded films in the fatigue testing, it is found that the film isolated from the base plate with the insulation resin interlayer is liable to fracture but does not propagate the crack from the surface film to the inner base plate through the interface during fatigue. This is probably connected with the fact that the metal thin film caused few slips in the metal/resin bonding, while the thin film directly diffusion-bonded to the base plate caused many slips around the fatigue cracks in the metal/metal bonding.
5 Effects of film thickness on fatigue crack propagation
The fatigue crack propagation curves on the copper film of t f = 50 µm are shown in Fig. 8 . The fatigue crack propagates rapidly at the initial fatigue stage but subsequently propagates slowly on the film of the epoxy-bonded plates. As a result, these specimens did not result in failure even after the stress cycles N = 10 7 . In contrast, the fatigue crack propagation curve on the diffusion-bonded film with the t f = 50 µm is almost the same as that on the base plate. This difference between the epoxy-bonded and diffusionbonded films with the thickness of 50 µm was the same as that with the thickness of 100 µm shown in Fig. 3 (a) , except for the final fatigue stage where the fatigue crack does not propagate rapidly on the epoxy-bonded film with t f = 50 µm unlike the epoxy-bonded film with t f = 100 µm.
In the fatigue cracks observed on the copper film of t f = 50 µm, there are many slips around the fatigue crack on the diffusion-bonded film shown in Fig. 9 (a) as well as on the copper film of t f = 100 µm shown in Fig. 4 (a) . On the other hand, there are fewer slips around the fatigue crack propagated on the epoxy-bonded film with t f = 50 µm in Fig. 9 (b) , while the fatigue crack propagates with many slips in the final fatigue stage on the epoxybonded copper film with t f = 100 µm shown in Fig. 4 (b) . In order to examine the difference in the fracture behavior in the inner base plate of the epoxy-bonded specimens between the t f = 100 µm and 50 µm films, the same method as done for Fig. 5 was used for the fatigue crack observation at the notch root toward the thickness direction. As shown in Fig. 10 , the fatigue crack is not initiated in the inner base plate with t f = 50 µm film in Fig. 10 (a) , while the fatigue crack runs throughout the plate thickness in the specimen with t f = 100 µm film in Fig. 10 (b) . In this way, the effect of the epoxy bonding layer to protect the inner base plate is larger in the film of t f = 50 µm with the small tensile residual stress than the film of t f = 100 µm with the large tensile residual stress.
Discussion
1 Crack opening displacement distributions
In order to discuss a difference in the crack opening/closing behavior between the surface film and the inner base plate of the epoxy-bonded specimen, the crack opening displacement (COD) distribution was measured along the crack relatively near the crack tip on the surface film for the various crack length of the film-bonded plates subjected to the tensile stress σ = 140 MPa. As an example, the measured COD values for the relatively small crack length a = 1.0 mm on the film is shown in Fig. 11 . In this figure, the COD curves are calculated approximately for the epoxy-bonded plate by Eq. (1) based on the twodimensional linear fracture mechanics (8) using the averaged applied stress, σ m , and the averaged Young's modulus, E m , of the film-bonded plate determined from the Table 2 . This equation was used for calculating the COD values (= 2v) at the distance, x, where is away from the center.
In the calculated COD values, there is no significant difference by both the film material and the film thickness of the epoxy-bonded plate, as well as the diffusion-bonded plate omitted here. The measured COD values are nearly equal to the calculated ones for all the diffusion-bonded plates, where there was no significant difference in the crack length between the surface film and the inner base plate, as already shown in Fig. 7 . On the other hand, the measured COD values are smaller than the calculated ones for all the epoxy-bonded plates. This is because the fatigue crack is not initiated early in the inner base plate of the epoxy-bonded plates. Thus, it should be noted that the crack opening displacement measured on the surface film is influenced by the difference in the crack length between the film and the inner base plate.
2 Fatigue crack propagation rate
As a fracture mechanics parameter controlling the fatigue crack propagation rate under both small and large scale yielding conditions, the crack opening displacement range at 250 µm behind the crack tip, ∆φ 250 , has been used (9) - (12) . Hoshide et al., for example, showed the relationship between the fatigue crack propagation rate and the ∆φ 250 for several different metal materials, such as steel, pure copper and aluminum alloys (12) . Using fracture mechanics, crack displacement on the upper crack surface near the crack tip, v, is related to the square root of the distance from crack tip, r, shown in Eq. (2), where K is the stress intensity factor (13) .
In Eq. (2), the values v were measured as the 1/2 (COD) values specified at intervals of 0.1 mm from r = 0.1 to 0.5 mm, and ∆φ 250 was determined as 2v (= COD) at the r = 0.25 mm from the approximate curve expressing the obtained data. The fatigue crack propagation rate on the surface film, da/dN, is plotted against the ∆φ 250 in Fig. 12 using the log-log scale. In this figure, the data of the epoxy-bonded plates are classified into two groups, namely, through cracks with the fracture in the inner base plate, and surface cracks with the fracture only in the surface film. For the through crack, the relationship between the da/dN and ∆φ 250 on the surface film for all the filmbonded plates is very near that for the steel base plate, irrespective of the bonding method, film material, or film thickness. In addition, this relationship is almost identical to that for the pure copper obtained by Hoshide et al. (12) From this, it is understood that the ∆φ 250 can be used Fig. 12 Relationship between the fatigue crack propagation rate and ∆φ 250 on the surface film as the parameter controlling the fatigue crack propagation rate for the surface film-bonded plates, as well as for the base metal. On the other hand, for the surface cracks on the epoxy-bonded film, the fatigue crack propagates even at the low value of ∆φ 250 , but does not propagate for either the diffusion-bonded or the base plate at the same value of ∆φ 250 . This means that the epoxy bonding layer decreases a resistance to the fatigue crack propagation of the surface film at the low value of ∆φ 250 .
Conclusions
Effects of epoxy bonding layer and residual stress on the fatigue fracture properties in surface film-bonded materials were examined using epoxy-bonded and diffusionbonded plates with pure copper and commercial grade iron films. The main results obtained are as follows:
( 1 ) The residual stress is caused on the epoxybonded film during the bonding process, the measured value of which is compression for the iron film but tension for the copper film, respectively. In addition, the tensile residual stress on the copper film is smaller on the thinner film than on the thicker film.
( 2 ) The epoxy bonding layer has a tendency to cause fatigue fracture easily on the surface film, but restrains the fatigue crack propagation from the surface film to the inner base plate, thereby increasing the fatigue crack propagation life for the epoxy-bonded plate. In particular, the fatigue crack propagation life increases greatly on the epoxy-bonded film with the compressive or smaller tensile residual stress.
( 3 ) The relationship between the fatigue crack propagation rate and the crack opening displacement range at 250 µm behind the crack tip, ∆φ 250 , on the film for all the film-bonded plates is almost the same as that for the base plates of steel and pure copper. In the relatively low ∆φ 250 region, however, the fatigue crack propagates on the epoxy-bonded films but does not propagate on either the diffusion-bonded or the steel base plates. Thus, the epoxy bonding layer caused the fatigue crack propagation only on the surface film even at the relatively small crack opening displacement range near the crack tip.
